Fast flavor conversions of supernova neutrinos, possible near the neutrinosphere, depends on an interesting interplay of collisions and neutrino oscillations. Contrary to naive expectations, the rate of self-induced neutrino oscillations, due to neutrino-neutrino forward scattering, comfortably exceeds the rate of collisions even deep inside the supernova core. Consistently accounting for collisions and oscillations, we present the first calculations to show that collisions can create the conditions for fast flavor conversions of neutrinos, but become subdominant thereafter, and oscillations can continue without significant damping. This may have interesting consequences for supernova explosions and the nature of its associated neutrino emission.
Introduction. -Neutrinos and antineutrinos emitted from supernovae can undergo significant changes in their flavor composition, especially due to the refractive effect of their large densities in the star. Each ν (orν) flavor-oscillates as it propagates, and undergoes forwardscattering off the other ν andν along their path, which in turn affect its oscillations in a correlated manner. These self-induced or collective oscillations [1] [2] [3] [4] , associated with ν − ν forward-scattering, have been a continuous source of surprises and puzzling results that have been studied with increasing levels of sophistication. See refs. [5] [6] [7] for recent reviews. The most puzzling manifestation of these collective effects was pointed out by Raymond Sawyer [8, 9] , who argued that the growth rate of flavor conversions can be proportional to the neutrino potential µ ∼ √ 2G F n ν , which scales with the neutrino density n ν but curiously does not seem to depend on the neutrino having a mass. Thus, the fast oscillation rate can exceed the ordinary neutrino oscillation frequency ω = ∆m 2 /(2E) by a factor of µ/ω ∼ 10 5 , and occur closer to the region where neutrinos are emitted.
Fast neutrino conversions can take place only if the electron lepton number (ELN) distribution, i.e., the difference of the ν e andν e angular fluxes, changes its sign across some direction of emission at any given point inside the supernova [10] [11] [12] [13] [14] [15] [16] . This necessary condition for fast oscillations, that the ELN has a "crossing" through zero, obviously requires that ν e andν e have different collision rates. Such a difference is quite likely near the neutrino decoupling region in a supernova: due to neutron richness of stellar matter, theν e decouples earlier.
So theν e are more forward peaked than ν e , and if number density of ν e does not greatly exceed that ofν e , i.e., the lepton asymmetry is modest, the ELN could exhibit the required crossing. However, this also immediately raises a red flag -if collisions are important to create the conditions for fast conversions, wouldn't they damp oscillations too?
In this Letter, we present the first calculations to explain the interplay of collisions and fast oscillations. We note that the collision rates, Γ νe and Γν e , are significantly smaller that the refractive potential µ even inside the supernova core. As a result, the collisions are dominant only initially and can create conditions for fast oscillations when oscillations are not yet operative. However, once fast oscillations have been triggered, the collision rates, being smaller than µ, are not large enough to lead to damping of oscillations. This represents a major change to the existing paradigm, wherein the collisional and free-streaming regimes are believed to be wellseparated. Our results suggest that this simplification may not always hold, with potentially important consequences for supernova astrophysics and neutrino physics.
We will start with a simple illustration of the relevant scales in the problem. Fig. 1 shows neutrino potential µ, and the charged-current collisional rate Γ ∼ n B σ, where n B is the nucleon density and σ is the charged-current Properties of an 11 M supernova derived from the simulation in ref. [17] . Radial profiles of neutrino potential µ, matter potential λ, and scattering rates Γν e and Γν e , are shown for a snapshot at a post-bounce time t = 0.170 s.
cross section for the ν e andν e , from an 11 M spherically symmetric (1D) supernova model, simulated by the Garching group, at a post-bounce time = 0.170 s [17] . These quantities are energy-averaged; see the appendix for details. As apparent, the neutrino potential µ is always larger than the ν e collisional rate, by no less than ∼ 5 orders of magnitude. Theν e collisional rate is a factor ∼ 3 further smaller than the ν e collision rate. Thus, even in the deepest regions, at r 10 km where these quantities become roughly constant, the refractive effects remain stronger. Notice that in the figure we also show the matter term λ = √ 2G F n e that is one order of magnitude larger than µ. However, it has been shown that fast flavor conversions that can grow locally are not suppressed by a large matter effect [12, 16] . This situation implies that if such fast conversions are triggered somewhere in the neutrino decoupling region, they may affect the entire region near the neutrinosphere.
Ideally, one would characterize this situation by simulating the formation of neutrino fluxes, including their energy and especially angular distributions, through the interplay of collisional processes and possible flavor changes triggered by the neutrino potential. Unfortunately, the dynamic range covered by collisions and oscillations is too large and it remains impractical to simulate this in earnest. Supernova simulations assume oscillations do not take place deep in the star, while oscillation calculations, even when considering fast conversions, completely ignore collisions. We adopt a reductionist approach and use a one-dimensional model with a simplified implementation of the collision term to study the interplay of oscillations and collisions. In the following, we first set up the equations, define our model, and present the numerical results for the same. We then conclude with a discussion of the relevance of these results for a realistic scenario.
Equations of motion including collisions. -In the absence of external forces, the dynamics of the ν occupation numbers p,x,t for momentum p at position x and time t is governed by the following equations of motion (EoMs) [18] [19] [20] [21] [22] (1) where, in the Liouville operator on the left-hand side, the first term accounts for explicit time dependence, while the second term, proportional to the neutrino velocity v p , encodes the spatial dependence due to particle free streaming. The right-hand-side contains the oscillation Hamiltonian Ω p,x,t , which is a sum of the vacuum term depending on the mass-squared matrix of neutrinos, the matter term depending on background density of electrons, and the self-interaction term [6] . The last term on the right-hand-side of Eq. (1) accounts for collisions. Antineutrinos represented by¯ p,x,t obey the same equation, but with an opposite sign for the vacuum oscillation term.
Our goal here is to capture the main features of the interplay between flavor conversions and collisions. Therefore, we simplify the collisional term as described below. We assume that initially our system has only ν e andν e , and neglect neutral-current interactions that both produce the other flavors and affect kinetic decoupling [23, 24] . Instead, we only include the chargedcurrent processes that will create flavor and angular asymmetries between ν e andν e . For the charged-current processes, the collisional term has been derived in [25] and can be mimicked by [26] 
where {, } denotes an anticommutator and eq p represents the equilibrium value of the matrix of densities for momentum p. The matrix Γ = diag(Γ νe , 0) in the flavor basis has a nonzero contribution only for the electron flavor and is proportional to the collision rate Γ νe for the processes allowed, e.g., p e − → n ν e for ν e . Analogously, only the process n e + → pν e is relevant forν e . These rates are shown in Fig. 1 .
The collisional term in Eq. (2) is analogous to the one used in the context of neutrino flavor conversions in the early Universe [27] . The effect is twofold: It populates the diagonal components of the density matrix; in particular, if eq is not the same for all modes, these states get differently populated. However, it damps the off-diagonal term of the density matrix, which destroys coherence and, if sufficiently strong, inhibits any kind of flavor oscillation.
Numerical examples. -We consider time-dependent flavor evolution in one spatial dimension labeled by z. Further, we take only two momentum modes of equal energy, counter-propagating in the forward (p z > 0) and backward (p z < 0) directions, labelled by f and b, respectively. Their equilibrium abundances without oscillations, (−) eq f and (−) eq b , are chosen to be unequal so that a crossing in the ELN is created, equivalent to assuming different scattering cross sections. We then numer- ically solve the non-linear EoMs [Eq. (1)] in the length interval z ∈ [0, L], always working in the units in which the neutrino potential is µ = 1. For simplicity, we set the matter term λ to zero, while the vacuum oscillation frequency, here ω = 9 × 10 −5 , gives the seed for the flavor conversions. The neutrino velocities are taken to be v f = −v b = 0.2. One can roughly picture this model as mimicking the temporal and radial flavor evolution in a supernova.
In the left panel of Fig. 2 we plot the equilibrium value of the occupation numbers for ν e andν e in the forward and backward directions in the box z ∈ [0 : 2500]. We divide the interval into three regions, i.e., z < 700 that represents the trapping regime where both ν e andν e have equally populated forward and backward modes, 700 < z < 1500 representing the decoupling region wherē ν e decouples, while ν e decouples around z ≈ 1500, and z > 1500 the free-streaming region where both ν e andν e having decoupled can now free-stream. The specific values of z demarcating the regions are chosen ad hoc and do not carry any special significance. For z < 700 we assume
, with an excess of ν e overν e . In the decoupling region, 700 < z < 1500, the neutrino sector has no asymmetry between forward and backward modes, whereas to mimic the decoupling ofν e the antineutrinos are assumed to have an excess of forward over backward modes, as expected in their decoupling region. Moreover, we keep the total number ofν e in the first and second region constant. With such a definition of eq , collisions will eventually generate a crossing in the ELN, i.e., an excess of ν e overν e in the backward mode, and vice versa for the forward mode at a fixed location. Finally, in the free-streaming region at z > 1500 we enforce there are no backward modes for both neutrinos and antineutrinos.
In the right panel of Fig. 2 we show the collision rates Γν e and Γ νe , both normalized to one at their maximum. Γ νe is nearly constant up to about z = 1500, whereas Γν e starts decreasing around z = 700. For z > 1500 both neutrinos and antineutrinos are free-streaming, i.e., Γν e = Γ νe = 0. Note that for both eq and Γ we are considering smooth variations between the three zones, since discontinuities may introduce numerical artifacts in the simulations.
In Fig. 3 we plot several time snapshots of the evolution of the density matrix for the two modes, including the collisional term with Γ νe = 0.1, and setting µ = 0 (no fast oscillations). We start with no neutrinos in the box at t = 0, but they get populated through the collisional term. Already at t=2 the population of both forward and backward modes for ν e andν e start to grow due to the collisional term. From the snapshot at t = 20 one can see that three of the modes reach their equilibrium value in the decoupling region. At t = 200 all modes, including the forwardν e , have reached their equilibrium value and in the following time snapshot one simply observes the free propagation of the forward modes into the free-streaming region where Γ = 0. Note that backward modes are frozen to their equilibrium value, as the repopulation is efficient.
In Fig. 4 we switch on the neutrino-neutrino interaction term, µ = 1, keeping Γ νe = 0.1. Due to the presence of a crossing in the ELN in the central region, flavor conversions start to develop (notice the wiggles in the snapshot at t = 200). However, due to the large collisional term, the system quickly tends to equilibrium and at larger times the evolution is very similar to the case with µ = 0. In this case, fast conversions is only a transient effect, quickly damped by the collisional effects.
Finally, in Fig. 5 we significantly lower Γ νe to 10 −4 in order to represent the realistically expected hierarchy between Γ and µ, as shown in Fig. 1 . In this case, since the collisional production rate is significantly slower than in the previous case, to speed-up the calculation we start at t = 0 with a significant population of neutrinos, but still without any ELN crossing anywhere. We see that due to the smallness of Γ the creation of a crossing in the decoupling region is much slower. Without the presence of a significant crossing, fast conversions cannot develop, as one observes until t = 800. At later times, when a crossing is generated, fast conversions develop in the decoupling region (see the wiggles in the snapshot at t = 1600). Such conversions are observed only for the forward modes. This is a consequence of the conservation of flavor lepton number [15] . Indeed, the total lepton number is coming only from the backward modes, since the excess of theν e over ν e for the forward modes is negligible. Further, since the collisions are weaker than refractive effects, modes are not efficiently repopulated towards the equilibrium value. Then the oscillated forward modes can propagate towards larger z (see snapshot at t = 2400), and the effects of fast conversions can reach the free-streaming zone.
Discussion and conclusions. -Fast neutrino flavor conversions are possible near the SN core, where the angular distributions of the ELN flux, i.e., the difference of the ν e andν e fluxes, might harbor a crossing. This region is the same in which neutrinos decouple from the matter, so that they still feel residual scatterings. We have studied this in a simple one-dimensional model with two momentum modes that allows us to calculate effects of neutrino flavor conversions and collisions in a consistent manner. We find that for collision rates that are significantly smaller than the neutrino potential, collisions create the conditions for fast conversions but do not damp them. Unexpectedly, state-of-art SN simulations seem to suggest that the neutrino potential indeed dominates over the collisional rate in the SN core. Drawing the insights from our model, this dominance implies that once fast conversions are generated in the decoupling region they will propagate everywhere. With the possibility of such fast conversions, the neutrino fluxes found by SN simulations, computed without including flavor oscillations, may not be representative of reality.
Our finding motivates a detailed analysis of current SN simulations to understand if the conditions for fast conversions are indeed generated by collisions. In this context, a dedicated analysis of angle distributions of the neutrino radiation field for several spherically symmetric (1D) supernova simulations has not found any crossing in the ELN near the neutrinosphere [17] . However, this may change in 3D models. For example, in the presence of Lepton Emission Self-sustained Asymmetry [28] , which produces a pronounced large-scale dipolar pattern in the ELN emission, one may expect a change of sign in difference of ν e andν e angular distributions. The ensuing crossing in the ELN angular distributions can then trigger fast conversions, with possibly drastic impact on further evolution of the SN. Indeed, one has to think of new approaches to include the effect of fast conversions into already challenging supernova simulations. This task, while obviously very challenging, may be necessary to obtain an accurate description of the supernova dynamics and neutrino fluxes. 
